Abstract: Disrupted-in-Schizophrenia 1 (DISC1) is a widely-accepted genetic risk factor for schizophrenia and many other major mental illnesses. Traditionally DISC1 has been referred to as a 'scaffold protein' because of its ability to bind to a wide array of other proteins, including those of importance for neurodevelopment. Here, we review the characteristic properties shared between established scaffold proteins and DISC1. We find DISC1 to have many, but not all, of the characteristics of a scaffold protein, as it affects a considerable number of different, but related, signaling pathways, in most cases through inhibition of key enzymes. Using threading algorithms, the C-terminal portion of DISC1 could be mapped to extended helical structures, yet it may not closely resemble any of the known tertiary folds. While not completely fitting the classification of a classical scaffold protein, DISC1 does appear to be a tightly regulated and multi-faceted inhibitor of a wide range of enzymes from interrelated signaling cascades (Diverse Inhibitor of Signaling Cascades), which together contribute to neurodevelopment and synaptic homeostasis. Consequently, disruption of this complex regulation would be expected to lead to the range of major mental illnesses in which the DISC1 gene has been implicated.
DISC1 -a major gene involved in behavioral control and chronic mental illness
Disrupted-in-Schizophrenia 1 (DISC1) is one of the highest profile risk factors for schizophrenia and other chronic mental illnesses having originally been identified as a gene that was disrupted by a chromosomal translocation (1;11) strongly linked to psychiatric illness in a large Scottish family (Millar et al., 2000; Blackwood et al., 2001) . Since then, a substantial body of genetic evidence has accumulated, supporting the notion that DISC1 is more generally associated with multiple chronic mental illnesses including schizophrenia, depression and autism (reviewed in: Chubb et al., 2008; Bradshaw and Porteous, 2012) , as well as with cognitive dysfunction in healthy individuals (Callicott et al., 2005; Thomson et al., 2005) . The concept of DISC1 being a key player in behavioral control in supported independently by several rodent models expressing mutant or deleted variants of the DISC1 gene (Shen et al., 2008; Brandon and Sawa, 2011; Kuroda et al., 2011) .
The concept of DISC1 as a scaffold protein
Initial analysis of the amino acid sequence of the DISC1 protein yielded no clear indications as to its function beyond a similarity to certain structural proteins (Millar et al., 2000) and to date no evidence of enzymatic activity has been reported. However, yeast two-hybrid studies implicated the DISC1 protein in binding to numerous protein interaction partners (Millar et al., 2003; Miyoshi et al., 2003; Morris et al., 2003; Ozeki et al., 2003) using multiple distinct binding sites (reviewed in: Soares et al., 2011) . Together this led to the suggestion that DISC1 is 'a multifunctional protein, which interacts via distinct domains with different components of the intracellular machinery' (Morris et al., 2003) and which 'is likely to be critical to development and functioning of the brain by acting as a scaffold to bring together certain proteins, such as signal transduction molecules' (Millar et al., 2003) . This was reinforced by further systematic yeast two-hybrid screening, contributing greatly to a list that now numbers more than 200 potential DISC1-interacting proteins, the 'DISC1 interactome', and the suggestion that DISC1 could act as a key hub protein for processes of potential importance to mental health (Camargo et al., 2007) .
A diverse number of identified functions collectively explain many aspects of the behavioral control attributed to DISC1. Most prominent are functions in neuronal migration (Kamiya et al., 2005) , the integration of adult-born neurons (Duan et al., 2007) , Wnt signaling (Mao et al., 2009) , the development of dopaminergic neurotransmission (Niwa et al., 2010) , NMDA neurotransmission (Hayashi-Takagi et al., 2010) and GABA neurotransmission (Kim et al., 2012) . These functions are not mutually exclusive, but so far no unifying theory has been presented to explain which function is most salient, and in which context.
In view of this large number of interaction partners and functions, it has become customary to refer to DISC1 as a scaffold or scaffolding protein, for example, in recent reviews by ourselves and others (Brandon and Sawa, 2011; Bradshaw and Porteous, 2012; Korth, 2012; Thomson et al., 2013) . Looking back on a decade of structure-function research on DISC1, we set out to investigate to what extent its classification as a conventional scaffold protein is indeed backed by experimental evidence, in order to help develop an overview of the roles of DISC1 in the cell and in the pathology of major mental illness.
The characteristics of a typical scaffold protein
In order to evaluate whether DISC1 qualifies as a bona fide scaffold protein, it is first important to review a few wellestablished examples of this group of proteins. Scaffold proteins are normally conceived as modulators of cellular pathways, conventionally lacking enzymatic activity and instead exerting their function by simultaneously interacting with multiple macromolecules, offering 'a simple, flexible strategy for regulating selectivity in pathways, shaping output behaviours, and achieving new responses from pre-existing signalling components' (Good et al., 2011) . They usually act as specificity elements that selectively channel signaling between its bound partners (Zeke et al., 2009) .
The concept of scaffolding proteins has been established for almost two decades (Choi et al., 1994; Zeke et al., 2009) . Among the first scaffold proteins to be thoroughly investigated was Ste5 (Sterile 5), which was known to affect the activity of three enzymes from the Saccharomyces cerevisiae mitogen-activated protein kinase (MAPK) pathway (Ste11, Ste7, Fus3), and so was initially assumed to exist as an upstream signaling element (Hasson et al., 1994) . Further research instead demonstrated Ste5 to be responsible for tethering these proteins and forming a multi-kinase complex (Choi et al., 1994) . Thus, Ste5 effectively brings enzyme-substrate pairs of the cascade into physical proximity, resulting in more efficient signal transduction. Mathematical modeling studies revealed that the active phosphorylated intermediate species of Ste11, Ste7 and Fus3, when bound by the Ste5 scaffold protein, have a minimal probability of being consumed by competing signaling pathways or by non-specific phosphatases within the cell (Locasale et al., 2007) . These studies also demonstrated that the signaling proteins bound to a scaffold protein will display restricted enzymatic activity due to their spatial arrangement. Finally, the ability of Ste5 to regulate the pathway was dependent on whether a positive (Ste50) or negative (Msg5) regulatory molecule was bound to it (Bashor et al., 2008) .
A-kinase anchoring proteins (AKAPs) are another group of scaffold proteins, classified by their capacity to associate with protein kinase A (PKA) (Diviani and Scott, 2001 ). These proteins act to recruit signaling components to specific subcellular locations, for example AKAP350/450 targets PKA and protein kinase C to sites within the centrosome (Shanks et al., 2002) , while in the heart a shorter splice variant of it, Yotiao, brings together PKA, PP1, PDE4D3 and the potassium ion channel and thereby locally regulates the β-adrenergic stimulation .
Additional common properties of scaffolding proteins can be seen from other examples in the literature. For example, the mammalian Ste5 homologue Kinase Suppressor of Ras (KSR), depending on its phosphorylation state, mediates the translocation of multiple MAPK signaling components from the cytoplasm to the plasma membrane (Muller et al., 2001) . Inactivation No Afterpotential D () is another scaffold protein expressed in the photoreceptor cells of Drosophila which localize and promote phosphorylation of transient receptor potential Ca 2+ channels, thereby enhancing the quick adaptability of the visual system in fruit flies (Popescu et al., 2006) . Homer 2 and Homer 3 are cytoplasmic scaffold proteins that negatively regulate T-cell activation in mammals by binding to the Nuclear Factor of Activated T cells protein and shielding it from dephosphorylation. Homer-deficient mice developed autoimmune-like pathology, implying the importance of proper regulation of T-cell activation by the Homer family of scaffold proteins (Huang et al., 2008) .
While the overall three-dimensional folds of scaffold proteins are quite diverse, our analysis indicates that the presence of coiled coil regions is a widespread feature. This super-secondary structure offers several advantages to the orchestration of multi-protein complexes (Rose and Meier, 2004) . First and foremost, these include the ability to homo-or hetero-oligomerize, resulting in formation of supercoils involving different numbers of helices. Since coiled coil proteins often contain distinct functional domains on the same polypeptide chain, this oligomerization propensity provides a first level of clustering diverse (catalytic or non-catalytic) activities. In a few cases, formation of coiled coil dimers has been shown to be subject to regulation, such as by temperature or phosphorylation state (Hurme et al., 1996; Szilak et al., 1997 ). An additional level of complexity is usually added by different types of protein-protein interactions, typically with signaling proteins and enzymes, which may be mediated by the coiled coil domains themselves or by associated modules.
Second, scaffolding functions are typically assigned to elongated or rod-like molecules, and long helical supercoils provide an efficient means of accomplishing this geometry. In addition to providing an extended surface for protein-protein interactions, such elongated structures may serve as molecular rulers or spacers, precisely defining both the distances and relative orientation of associated molecules. An interesting variation to this theme is found in proteins of the spectrin superfamily. In this case, rod-like structures are formed from a series of so-called spectrin repeats, which are relatively short coiled coils sometimes connected by continuous helices (Djinovic-Carugo et al., 2002) . Despite obvious structural constraints, spectrin repeats have evolved to accomplish a surprising variety of interactions also involving noncoiled coil proteins.
Finally, coiled coil domains are also commonly found in polypeptides determining the shapes and mechanical properties of cells and organelles, such as centrosomal proteins, golgins and motor proteins (Rose and Meier, 2004) . Besides their structural roles (akin to scaffolds in human construction works), many of these proteins are also involved in signal transduction networks, and may thus qualify as scaffolding proteins in the sense used in this review.
Therefore, there are a number of features common to many scaffold proteins, namely that they: -Bind to multiple protein components of the same signaling pathway, increasing both the efficiency and specificity of enzymatic cascades. -Target the bound proteins to specific subcellular compartments, restricting a particular response to the appropriate location in the cell. -Regulate the signaling pathway by enhancing or reducing the enzymatic activity of bound proteins. -Shield the activated signaling intermediates preventing from any non-specific activity and consumption such as dephosphorylation (Locasale et al., 2007; Shaw and Filbert, 2009 ). -Often have a high coiled coil-forming propensity, facilitating diverse and complex protein interactions.
With these criteria in mind, we will address each of these points in turn, and investigate how well DISC1 fits with them, based on published literature of its cellular functions.
Does DISC1 fit with these criteria for a classical scaffold protein?
Binding multiple proteins of the same signaling pathway
Among the many known protein-binding partners of DISC1, there are numerous examples of pairs of proteins that also exist in complexes with each other, particularly at the centrosome (reviewed in: Wang and Brandon, 2011; Bradshaw and Porteous, 2012) , including the motor protein dynein and its associated proteins dynactin, Lissencephaly 1 (LIS1), Nuclear Distribution Element 1 (NDE1) and NDE-Like 1 (NDEL1) (Millar et al., 2003; Morris et al., 2003; Ozeki et al., 2003; Brandon et al., 2004) as well as the proteins Pericentriolar Material 1 (PCM1) and BardetBiedl Syndrome 4 (BBS4), which are together important for neuronal migration . DISC1 and NDEL1 have each been seen to interact with the mitochondrial protein Mitofilin (Park et al., 2010) . Given the multiple distinct protein binding regions of DISC1 (reviewed in: Soares et al., 2011) , it is highly likely that DISC1 is capable of binding to multiple different interaction partners simultaneously. Evidence for such direct interactions can come from recombinant protein binding studies, once the individual proteins have been established to complex in a pairwise fashion in the cell. For example, the kinesin motor protein KIF5A and adaptor protein Growth factor Receptor-Bound protein 2 (GrB2) interact in vitro in the presence, but not absence, of recombinant DISC1, strongly suggesting that the three proteins complex, through simultaneous binding to DISC1 . KIF5A-NDEL1-DISC1 ternary complexes have also been demonstrated in this way . In an analogous approach, use of DISC1 knockdown by shRNA reduced the co-immunoprecipitation of neurodevelopmental proteins Fasciculation and Elongation protein Zeta-1 (FEZ1) and NDEL1 from neuronal progenitor lysates (Kang et al., 2011) , elegantly providing evidence for FEZ1-DISC1-NDEL1 complexes in an in vivo system. Conversely, over-expression of DISC1 enhances the interactions of both the microtubule proteins LIS1 and NDEL1 (Brandon et al., 2004) and of the synaptic proteins Kalirin-7 (Kal-7) and Postsynaptic Density protein 95 (PSD95) (Hayashi-Takagi et al., 2010) , implying that these proteins co-complex at least in part through simultaneous interaction with DISC1.
At a minimum, DISC1 therefore appears to act as a scaffold for protein complexes involved in neurite outgrowth and function. While to date no published, confirmed examples of complexes involving both DISC1 and at least two enzymes from the same signaling pathway have been reported, candidate pathways do exist. Specifically, DISC1 binds Glycogen Synthase Kinase 3β (GSK3β, Mao et al., 2009 ), a key kinase of the Wnt signaling cascade, as well as two other modulators of this pathway, DIX Domain Containing 1 (Dixdc1, Singh et al., 2010) and Girdin (also known as KIAA1212, Enomoto et al., 2009; Kim et al., 2009) . Similarly, DISC1 interacts with a range of phosphodiesterase 4 (PDE4) isoforms (Millar et al., 2005; Murdoch et al., 2007) , which degrade cAMP as part of a negative feedback involving PKA. While DISC1 is not known to directly regulate PKA, it does interact with both Activating Transcription Factor 4 (ATF4) and NDE1 (Millar et al., 2003; Morris et al., 2003; Burdick et al., 2008; Sawamura et al., 2008; Bradshaw et al., 2009) , two PKA-substrates each found in complex with PDE4B ( Elefteriou et al., 2005; Bradshaw et al., 2008) . Thus it is plausible that DISC1-GSK3β-regulator or DISC1-PDE4-substrate of PKA complexes could exist in vivo, fulfilling a key criterion for DISC1 having a scaffold protein function in GSK3β/PDE4B signaling. Interconnection between the PDE4 and GSK3 pathways has also been described Lipina et al., 2012) .
The ability of DISC1 to bind multiple proteins simultaneously is likely to be facilitated by its propensity to form oligomers, and thus potentially to present more protein binding domains at the same time. Of particular interest in this respect, a C-terminal DISC1 (640-854) fragment expressed in Escherichia coli was shown to interact with NDEL1 when the fragment was in an octameric form in a cell free assay (Leliveld et al., 2008) , a finding that was later corroborated with full-length DISC1 (Narayanan et al., 2011) . These findings suggest that the multimerization state of DISC1 may critically influence its protein interactions (Brandon et al., 2009 ).
Recruitment of proteins to specific cellular locations
As a putative scaffold protein, DISC1 would be expected to recruit a subset of its protein interaction partners to specific subcellular locations in order to facilitate their functions in a regulated manner. This appears to be the case with BBS4, which is recruited to the centrosome by DISC1 in a phosphorylation-dependent manner (Ishizuka et al., 2011 ). This in turn leads to the recruitment of further proteins, PCM1 and ninein, to the centrosome, from where DISC1, BBS4 and PCM1 are together implicated in regulating radial neuron migration . In a similar manner, DISC1 over-expression leads to increased expression of ATF4 within the nucleus (Pletnikov et al., 2007) , where DISC1 and ATF4 have been shown to cumulatively repress cAMP Response Element-dependent gene transcription (Sawamura et al., 2008) .
A better understood example of DISC1-driven recruitment is its role in bringing proteins to the axonal tips (Kamiya et al., 2006; Shinoda et al., 2007; Taya et al., 2007; Enomoto et al., 2009) , which it appears to do by simultaneously interacting with kinesin motor complexes and the cargo proteins, facilitating their transport in an anterograde direction from the centrosome along the microtubule network Taya et al., 2007) .
Additionally, over-expression of DISC1 has been reported to recruit several of its interaction partners to punctate structures within the cytoplasm (Morris et al., 2003; Burdick et al., 2008; , although whether this represents physiological recruitment or the known ability of DISC1 to bring other proteins into insoluble aggregates when highly concentrated (Ottis et al., 2011; Bader et al., 2012) remains unclear. We do not see the inherent aggregation propensity of DISC1 to be in contradiction to a possible function in scaffolding. As noted earlier, the multimerization-dependent interactions of DISC1 with NDEL1 (Leliveld et al., 2008) and the aggregation-dependent interactions with dysbindin or Collapsin Response Mediator Protein 1 are likely to be in a continuum of DISC1 multimer-dependent interactions as outlined in Brandon et al. (2009) . DISC1 therefore appears to play roles in protein recruitment, notably to the centrosome and via kinesinrelated transport along axons, although its direct relevance to enzymes or signaling pathways is unclear, as summarized in Table 1 .
Ability to modulate the enzymatic activity of binding partners DISC1 interacts with multiple enzymes for which it is not a known substrate, implicating it as a regulator of their activity, as has been demonstrated in several cases. DISC1 binds to various members of the PDE4 family, which are responsible for the breakdown of cAMP, a second messenger for various stimuli and crucial in learning, memory and mood regulation (Millar et al., 2005) . DISC1 holds PDE4 in an inactive state and can then release specific isoforms in response to cAMP-activated PKA (Murdoch et al., 2007) . It was also shown that DISC1, via PDE4, regulates NDE1 phosphorylation by PKA, thereby modulating the organization of the NDE1-NDEL1-LIS1 complex .
DISC1 has also been shown to repress the transcription-regulating activity of ATF4 (Sawamura et al., 2008 ). It appears to do this while ATF4 is present at its DNA target sites by simultaneously binding to ATF4 and recruiting the transcriptional repression factor Nuclear receptor Co-Repressor (N-CoR) (Sawamura et al., 2008) , in a process that is regulated by both dopamine and PKA signaling (Soda et al., 2013) . It is of interest that one of the genes directly affected by DISC1 and ATF4 is PDE4D, demonstrating the interconnectedness of pathways involving DISC1 (Soda et al., 2013) . DISC1 also inhibits GSK3β activity by direct physical interaction, preventing it from phosphorylating β-catenin, with important consequences for neural progenitor cell proliferation during cortical development (Mao et al., 2009 ). DISC1 co-modulates this pathway with its interaction partner Dixdc1. NDEL1 also exists in this complex, and during neuronal migration, phosphorylation of Dixdc1 by cyclin-dependent kinase 5 facilitates the Dixdc1-NDEL1 interaction (Singh et al., 2010) . GSK3β is also inhibited by Akt signaling, which in turn is regulated by DISC1 through the protein Girdin (Enomoto et al., 2009 ). DISC1 binds to Girdin, preventing it from activating Akt, a key kinase that regulates actin polymerization and cell motility (Enomoto et al., 2009 ). This function of DISC1 and the Akt-mTOR pathway has been shown to be important in regulating neuronal development in the dentate gyrus of the hippocampus (Kim et al., 2009) .
Other examples of DISC1 affecting the enzymatic activity of proteins include the oligopeptidase activity of NDEL1, which is inhibited by DISC1 interaction (Hayashi et al., 2005) . Interestingly, this NDEL1 enzyme activity is reduced in patients with schizophrenia, indicating the importance of regulation of NDEL1's activity for normal functioning of the brain (Gadelha et al., 2013) . DISC1 also plays a crucial role in neuronal connectivity, via modulation of Ras-related C3 botulinum substrate 1 (Rac1) signaling via triple functional domain protein (TRIO) and Kal-7. DISC1 binds to TRIO, facilitating its Rac1 guanine nucleotide exchange factor ability through inhibition of its alternative Rho activating function (Chen et al., 2011) thereby promoting axon guidance. Conversely, DISC1 inhibits the alternative Rac1 guanine nucleotide exchange factor Kal-7 (Hayashi-Takagi et al., 2010) . DISC1 also interacts with and inhibits Traf2 and Nck-interacting kinase (TNIK), leading to increased degradation of several key postsynaptic density proteins .
For a subset of its interaction partners, DISC1 therefore appears to be crucial for modulating the timing of their activity, normally through inhibition of catalytic functions. Thus DISC1 appears to be not merely a stationary sequester but an active regulator of the enzymatic behavior of its binding partners.
Shielding of activated signaling intermediates
There are a couple of indications showing that DISC1 may be able to shield specific signaling cascade intermediates from undesired consumption. One example is serine racemase (SR), the enzyme responsible for production of D-serine, a co-agonist of the NMDA receptor. DISC1 was seen to complex with SR, with over-expression of a DISC1 mutant leading to an increased rate of ubiquitination and degradation of SR, but no down-regulation at the mRNA level . Thus, DISC1 binding is essential for the stability of SR, protecting it from degradation and facilitating the production of D-serine. Similarly, the mitochondrial inner membrane protein Mitofilin was shown to bind to DISC1, with shRNA-targeted depletion of DISC1 or over-expression of a mutant leading to mitochondrial dysfunction (Park et al., 2010) resembling the effect of Mitofilin knockdown. Interestingly, over-expression of Mitofilin in DISC1-depleted cells restored these mitochondrial functions, strongly implying that DISC1 stabilizes it, a theory reinforced by experiments showing that the absence of DISC1 triggers ubiquitination of Mitofilin (Park et al., 2010) .
These two examples indicate that DISC1 possesses the ability to shield some of its binding partners, with SR providing an example directly relevant to signaling pathways, as predicted for a scaffold protein.
Structural basis for DISC1 as a scaffold protein
The precise three-dimensional structure of DISC1 is still unknown and the protein shows no obvious sequence similarity to any entry in the Protein Data Bank, precluding conventional homology modeling. Previous analyses have indicated that the N-terminal region of DISC1 (330-350 residues) is likely to be largely disordered, with the remainder of the protein consisting of helical or coiled-coil domains . Additionally, two putative UVR domains, each containing a pair of antiparallel helices connected by a hairpin, have been predicted (Sanchez-Pulido and Ponting, 2011) . A strategy to yield tentative three-dimensional fold information when obvious homologues with known structure are unavailable is given by threading approaches, which refers to a group of algorithms designed to detect faint similarities between a protein of interest and sequences with a known fold. In contrast to classical alignment strategies, sequences are not compared directly but represented as profiles, which can be expressed as position-specific scoring matrices or, in more sophisticated implementations, as hidden Markov models (Dunbrack, 2006) . The method is based on the assumption that polypeptides exhibiting similar patterns of side chains tend to fold in a similar way. Such fold recognition by threading does not, however, imply any statement on the evolutionary relationship between the proteins involved.
We have subjected the DISC1 sequence to several current structure prediction pipelines, including Phyre 2 (Kelley and Sternberg, 2009 ), I-TASSER (Roy et al., 2010) and SAM-T08 (Karplus et al., 1998) , which make use of different algorithms for the detection of potential templates. Out of the large number of profile-based alignments obtained, several long-range matches are particularly noteworthy ( Figure 1A) . In some of these, the majority of the C-terminal portion of DISC1 is mapped to extended helical structures, such as the spectrin repeat region of α-actinin, or the channel-forming colicin Ia. A second group of alignments indicate that large parts of the molecule may resemble the importin-β structure, a solenoid fold made up by lateral association of numerous HEAT repeats (containing two α-helices each), resulting in a spring-like superstructure. The predictive value of the resulting models, however, is questionable as the sequence profile of the DISC1 C-terminal domain appears to be equally compatible with very different arrangements of α-helices, making any prediction highly ambiguous. More importantly than this, critical assessment of model quality yields relatively low scores for all candidates. The situation can be slightly improved by manual adjustment of templates and alignments as well as additional energy minimization cycles, resulting in the model shown in Figure 1B , but the overall quality is still inferior to that expected of good homology models. These low-quality scores are mainly related to problems in sidechain packing and solvent accessibility: despite the apparent high confidence of profile matches, the distribution of hydrophobic and polar/charged side chains deviates from expectations. In general, extended hydrophobic patches observed on a protein surface may also represent sites of high-affinity protein-protein interactions, consistent with a scaffolding role. In the case of DISC1, however, it appears more likely that its C-terminal domain contains helical elements in an arrangement that is either not yet represented in the PDB or cannot be matched by the algorithms currently available.
Discussion
In this review we have analyzed the published literature on the DISC1 protein in comparison with the characteristics typical of scaffold proteins in order to determine how well DISC1 fits with that label (summarized in Table 2 ). (A) Models derived from single templates (as indicated in square brackets), using profile-based alignments provided by Phyre 2 (for colicins and α-actinin) and I-TASSER (for importin β), respectively. Note the different arrangement of helices. (B) A speculative model of full-length DISC1 composed using MODELLER (Šali and Blundell, 1993) and modified versions of the Phyre 2 alignments. Specifically, amino acids 142-346, 351-773 and 782-829 were mapped to the N-terminal domain of colicin E3 (PDB code 1JCH, Soelaiman et al., 2001) , the spectrin repeats of α-actinin (PDB code 1SJJ, Liu et al., 2004) , and the coiled coil-domain of the transcription factor FOXP3 (PDB code 4I1L, Song et al., 2012) , respectively. Regions without detectable profile matches (1-141 and 830-854) were built ab initio by POING (Jefferys et al., 2010) , as implemented in Phyre 2 . The resulting model was subjected to an additional energy minimization in the YASARA force field (Krieger et al., 2009 ). Coloring indicates three major segments of the molecule, comprising residues 1-352 (yellow), 353-795 (blue), and 796-854 (dark blue), respectively. The C-terminus of the partner molecule in a putative DISC1 dimer is shown in gray. Please note that the dimerization motif is being defined here by the terminal coiled coil region predicted to commence around residue 800. In order to visualize the scaffolding function of DISC1, several established interaction partners are indicated (CS, centrosomal protein; MT, microtubular transport; Wnt, Wnt/Glycogen Synthase Kinase 3β pathway; PKA, PKA/PDE4 signaling). Hashes denote a region implicated in DISC1 oligomerization. From these data, it is clear that DISC1 exhibits certain aspects of a scaffold protein but contrasts with classical scaffold proteins, such as Ste5, which typically channel a single signal cascade by binding to multiple components of it. Instead DISC1 appears to be involved in the finetuning of a large number of inter-related signaling pathways with links to neuronal development and function (Figure 2) . Strikingly there are no established examples, to the best of our knowledge, of DISC1 directly enhancing the activity of an enzyme through recruitment of substrates and co-factors or through anchoring the enzyme itself to the location of action, as would be predicted for scaffold proteins. Instead, the principal regulatory activity of DISC1 appears to be the inhibition of enzymes through direct physical contact, as is the case for Kal-7, GSK3β, PDE4, TNIK and the oligopeptidase activity of NDEL1 (Hayashi et al., 2005; Millar et al., 2005; Murdoch et al., 2007; Mao et al., 2009; Hayashi-Takagi et al., 2010; or through the recruitment of repressive cofactors, such as N-CoR to ATF4 (Sawamura et al., 2008) . The partial exceptions are, firstly, SR which is stabilized through interaction with DISC1 , leading to a net increase in its activity and, secondly, that DISC1 can enhance the ability of TRIO to act as an exchange factor for Rac1, through the binding of DISC1 to a second active enzymatic site on TRIO, inhibiting this latter activity and favouring Rac1 as a substrate (Chen et al., 2011) .
If DISC1 is to regulate such a diverse array of processes, it is also likely to be itself tightly regulated. In support of this, multiple PKA phosphorylation sites on DISC1 have been described which act as switches between Wnt-signaling, centrosome-related functions (Ishizuka et al., 2011) and regulation of ATF4-based transcriptional activity, respectively (Soda et al., 2013) . Complex regulation of DISC1 expression is also suggested by the existence of over 40 splice variants of DISC1 in the brain (Nakata (Newburn et al., 2011) . This would allow for the existence of DISC1 species capable of only a subset of the functions of the full-length protein.
Another important factor likely to affect the scaffoldlike functions of DISC1 is its multimerization. NDEL1 has been shown to interact with octameric, and depending on the assay used potentially dimeric, forms of DISC1, but not with higher-order oligomers (Leliveld et al., 2008; Narayanan et al., 2011) , indicating that the interactions exhibit conformational specificity along with domain specificity. This also raises the obvious possibility of oligomer-specific interactions making DISC1 a multi-potent scaffold protein.
Parallels can be drawn between DISC1 and the known functions of the AKAP scaffold proteins. For example, like DISC1, AKAP9 has a complex pattern of alternate splicing (Welch et al., 2010) and like DISC1, its encoded proteins are involved in recruiting proteins to the centrosome (Shanks et al., 2002) among other locations, and can also inhibit a subset of their interaction partners, such as adenylate cyclases (Piggott et al., 2008) . More generally, AKAPs form multivalent signaling complexes involving a large array of binding partners (Welch et al., 2010) and have been described as acting as the nucleus of a 'transduceosome' for a set of related signaling processes (Feliciello et al., 2001 ). DISC1 appears to be acting in a manner at least partially analogous to this; however, while AKAPs focus on the anchoring of the PKA protein and its substrates and associated molecules, DISC1 appears to instead form multiple seemingly distinct signaling complexes involving a wide array of signaling enzymes.
In conclusion, DISC1 possesses certain properties of a scaffold protein, but in a unique way. As it stands as a complex regulator for various interrelated pathways in neurodevelopment, unlike the classical single pathway scaffolds, it is very crucial for normal brain functioning. Further investigation of these DISC1-related pathways individually, considering its scaffolding nature, would likely contribute to a better understanding of DISC1's mechanism. Thus, in addition to being 'Disrupted in Schizophrenia', DISC1 also appears to be a 'Diverse Inhibitor of Signaling Complexes', and it is likely that modulation of this activity, for example by specific blocking of its interaction sites, would form the most promising lead for any future DISC1-inspired therapeutic intervention. 
